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ABSTRACT 


This  report  covers  the  investigation  of  an  impingement-film  cooling  system 
designed  to  cool  the  exhaust  ducts  of  turboshaft  engines.  The  program  was 
initiated  with  a  literature  search  which  indicated  the  useful  range  of  impinge¬ 
ment  hole  size,  spacing,  and  distance  from  impingement  hole  to  cooled  panel. 

It  provided  similar  information  for  the  cooling  slot  design.  Test  hardware 
incorporating  these  features  was  fabricated  for  testing .  Seventeen  configura¬ 
tions,  four  of  which  had  no  impingement  (film  cooling  only) ,  were  tested.  The 
remaining  13  configurations  were  tested  with  different  combinations  of  impinge¬ 
ment  hole  size,  spacing,  and  distance  to  cooled  panel. 

Film  cooling  test  results  were  in  good  agreement  with  the  correlations  and 
results  quoted  in  the  literature.  The  cooling  effectiveness  with  impingement- 
film  cooling  was  consistently  superior  to  that  with  film  cooling  only  .  The 
highest  effectiveness  was  achieved  with  the  configuration  having  the  largest 
impingement  hole  diameter,  D  =  0.070  in.  and  spacing  Xn/D  =  12.  The  optimum 
impingement  distance  Zn  was  in  the  neighborhood  of  4  impingement  hole  diam¬ 
eters  .  While  the  largest  hole  spacing  tested  gave  the  highest  cooling  effec¬ 
tiveness  ,  it  also  required  a  relatively  large  pressure  drop  across  the  cooling 
system.  Under  the  most  difficult  cooling  conditions  of  hot  gas  Mach  number 
equal  to  0.4,  the  highest  cooling  effectiveness  (n)  achieved  within  a  specified 
impingement  system  pressure  drop  of  100  in.  of  water  was  0.93. 
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LIST  OF  SYSMBOLS  -  Continued 


cooling  mass  flow  rate,  Ib/sec 


center-to-center  impingement  baffle  hole  spacing,  in, 
distance  downstream  measured  from  end  of  lip  overhang, 


impingement  distance  (distance  between  cooled  plate  and 
impingement  baffle) ,  in.- 


cooling  effectiveness  based  on  radiation-averaged  wall 
T  -  Tc 
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Law 


g  ci 

absolute  viscosity  ,  lb/sec  ft 
density,  lb /ft3 
cooling  air  density,  lb/ft3 
hot  gas  density,  lb/ft3 
function  of  Xn/D  (see  Figure  1) 
function  of  Zn/D  (see  Figure  3) 
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INTRODUCTION 


The  impingement-filin  heat  transfer  program  was  conducted  to  determine  the 
performance  of  an  impingement-film  cooling  system  designed  to  cool  exhaust 
duct  walls.  The  design  objective  was  to  cool  the  exhaust  duct  with  the  least 
expenditure  of  cooling  airflow  possible  and  with  a  relatively  small  pressure 
drop  across  the  cooling  system .  The  impingement-film  heat  transfer  system 
tested  was  evaluated  on  the  basis  of  the  performance  of  similar  systems  quoted 
in  the  literature,  General  Electric  calculated  performance,  and  combustor  and 
turbine  airfoil  cooling . 


The  program ,  carried  out  over  a  period  of  six  months,  was  made  up  of  four 
tasks: 

Task  I  -  Survey  of  Impingement-Film  Technology 

Task  II  -  Design  and  Fabrication  of  Test  Apparatus 

Task  III  -  Impingement -Film  Experimental  Tests 

Task  IV  -  Data  Reduction  and  Analysis 

This  report  describes  the  results  of  efforts  applied  to  these  tasks. 
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SURVEY  OF  IMPINGEMENT-FILM  HEAT  TRANSFER  TECHNOLOGY 


AJEEBPACH 

A  literature  search  was  conducted  to  determine  the  present  state  of  the  art  in 
impingement-film  heat  transfer  technology.  The  primary  search  covered  docu¬ 
ments  currently  available  in  the  Lynn  Technical  Information  Center  for  the  time 
period  1961  through  the  present.  In  addition,  two  report  bibliographies  on  im¬ 
pingement  cooling  and  film  cooling  for  the  last  5-year  period  were  obtained  from 
the  Defense  Documentation  Center  (DDC). 


IMPINGEMENT  COOLING  TECHNOLOGY 

Documents  pertaining  to  impingement  cooling  which  were  reviewed  are  presented 
as  References  1  through  12.  Much  of  this  literature  was  not  useful  since  it 
covered  single  jets  or  single  rows  of  jets  with  no  air  flowing  across  the  jets.  How¬ 
ever,  References  1,2, 3, 4,  and  6  are  particularly  applicable  to  this 
impingement- film  heat  transfer  program  since  they  report  the  results  of  test¬ 
ing  arrays  of  circular  jets  which  eject  into  a  crossflow.  These  results  were  used 
in  the  pretest  performance  predictions  and  in  the  test  panel  design.  Impingement 
hole  diameter,  center-to-center  spacing,  and  impingement  distance  were  the 
geometrical  variables  found  to  have  the  greatest  influence  on  the  impingement 
heat  transfer  process.  Each  of  these  variables  is  discussed  below. 

Impingement  Hole  Diameter  (D) 

Kercher  ’  tested  impingement  holes  having  diameters  from  0. 010  to  0.  080 
in.  He  found  that  decreasing  the  hole  diameter  to  one-half  its  initial  value  and  in¬ 
creasing  the  number  of  holes,  with  the  important  dimensionless  design  parameters 
and  total  cooling  flow  held  constant,  improved  the  heat  transfer  performance  10  to 
15  percent.  This  result  can  be  obtained  from  his  correlation, 


Nu  = 


<*> 


„  m  „  1/3  .0.091 

Re  Pr  (Zn/D) 


(1) 


where  <p  1  and  m  =  functions  of  the  hole  spacing  to  diameter  ratio  Xn/D  (see 
Figures  1  and  2).  $2  =  correction  coefficient  for  crossflow  (see  Figure  3). 

When  the  hole  diameter  is  varied  while  all  geometrical,  dimensionless  parameters 
remain  constant,  all  quantities  on  the  right  side  of  Equation  (1)  are  constant  except 
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Reynolds  number  and  Prandtl  number.  At  constant  cooling  air  temperature, 
viscosity,  specific  heat,  heat  conduction  coefficient,  and  Prandtl  number  are  con¬ 
stant  so  that  Equation  (1)  can  be  written 
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When  the  flow  per  unit  area  p  V  remains  constant ,  this  becomes 
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constant 


D 


1-m 


(2) 


At  small  Reynolds  numbers  and  relatively  large  hole  spacing,  Kercher  found  m  to 
be  about  0.  8.  In  that  case  Equation  (2)  indicates  that  heat  transfer  is  increased  by 
15%  when  hole  diameter  is  halved. 

Tabakoff  and  Clevenger3  also  found  from  their  tests  (Figure  4)  that  the  array 
having  the  smallest  hole  diameter  (D)  and  the  largest  spacing  (X^)  resulted  in  the 
highest  heat  transfer.  Thus,  the  literature  indicated  general  agreement  that  heat 
transfer  rate  increases  as  impingement  hole  diameter  decreases.  The  minimum 
diameter  is  generally  set  by  the  size  of  environmental  contaminant  which  the 
impingement  baffle  must  pass  without  plugging.  General  Electric  experience  has 
shown  that  the  minimum  diameter  is  in  the  range  of  0.  02  to  0. 02  in.  for  non¬ 
rotating  components.  Based  on  this  experience,  0.030,  0.050,  and  0.070  in.  were 
the  impingement  hole  diamaters  used  in  the  test  panels  for  the  impingement-film 
heat  transfer  program . 

Equation  1  was  based  on  maintaining  complete  geometrical  similarity .  As  the 
hole  diameter  is  changed,  the  length  and  width  of  the  cooled  panel  and  impinge¬ 
ment  baffle  must  also  be  proportionately  changed  so  that  the  number  of  impinge¬ 
ment  holes  and  their  arrangement  is  not  varied .  This  is  not  important  for  a 
single  row  of  holes  where  there  is  no  crossflow  so  that  <j>2  -  1  and  Equation  (2) 
applies  directly.  In  the  impingement-film  tests,  however,  the  test  apparatus 
size  was  fixed.  Therefore,  as  impingement  hole  diameter  was  changed  the 
number  of  holes  changed  and  the  geometry  of  the  test  apparatus  changed.  As 
a  result,  the  crossflow  ratio  was  greater  for  the  configurations  which  had 
more  and  smaller  holes.  According  to  Figure  3,  the  increasing  crossflow 
reduced  $2  and  by  Equation  (1)  the  Nusselt  Number.  The  test  results  in  this 
report  indicate  that  the  crossflow  effect  overcame  the  scaling  effect  given  by 
Equation  (2)  so  that  heat  transfer  increased  rather  than  decreased,  with, 
increasing  impingement  hole  diameter.  This  discrepancy  is  discussed  further 
in  the  Test  Results  section. 
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o  D  =  0.062  in.  Z„/D  =  1  Xn/D  =  4.0 

□  D  =  0.080  in.  Zn/D  =  1  X„/D  =  3.1 

C>  D  =  0.080  in.  Z„/0  =  1  Xn/D  =  6.2 

7  0  =  0.040  in.  Zn/D  =  1  X„/D  =  12.5 


2  4  6  10  20 

REYNOLDS  NO.  (Re  x  10'3) 

Figure  4.  Comparison  of  Round  Jet  Arrays  Having  Different 
Diameters  and  Spacing . 


Impingement  Hole  Spacing 


(xn) 


The  hole  spacing  (Xn)  is  defined  as  the  center-to-center  spacing  of  the  holes  in  the 
impingement  array.  Kercher^i  2  investigated  the  effect  of  hole  spacing  without 
crossflow  for  values  of  Xn/D  in  the  range  3. 1  to  12. 5.  He  found  that  decreasing 
the  hole  spacing,  at  a  constant  hole  diameter,  increases  the  heat  transfer 
performance  of  the  array.  However,  the  total  airflow  required  by  the  array 
increased  with  decreasing  hole  spacing.  An  examination  of  his  correlations 
reveals  the  opposite  conclusion  if  a  given  area  is  cooled  at  a  constant  value  of 
total  cooling  airflow.  For  that  case,  the  larger  the  hole  spacing,  the  greater  the 
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heat  transfer  performance  of  the  array.  This  effect  is  shown  by  the  following 
example  in  which  Kercher's  correlation,  Equation  (1),  is  used. 

Consider  a  square  array  3.6  in.  x  3. 6  in.  containing  twenty  0. 030-in. -diameter 
holes  per  row.  There  is  no  crossflow. 

Let 
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Reducing  the  number  of  holes/row  to  10  with  constant  flow  gives 
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This  calculation  indicates  that  the  increased  Reynolds  number  and  m  associated 
with  increased  spacing  and  constant  hole  diameter  are  responsible  for  the  im¬ 
proved  heat  transfer.  Figure  4  shows  that  the  Reynolds  number  effect  is  pre¬ 
dominant. 

Metzger  and  Korstad^  tested  the  effect  of  hole  spacing  X  /D  in  the  range  2.5  to 
5. 0.  The  tests  were  conducted  with  impingement  hole  diameter  and  total  impinge¬ 
ment  airflow  held  constant  and  with  crossflow  .  Within  that  range  of  spacing  ratio, 
the  heat  transfer  performance  also  improved  as  the  hole  spacing  was  increased. 

The  above  quoted  references  agree  that  for  constant  impingement  hole  diameter, 
impingement  distance,  and  total  cooling  airflow  ,  within  the  ranges  of  X  /D  values 
investigated,  heat  transfer  to  a  given  area  is  greatest  for  an  array  with^he  largest 
hole  spacing.  Spacing  ratios  used  in  the  impingement-film  test  vehicle  design  were 
4,8  and  12.  The  Test  Results  section  shows  the  same  trend.  As  the  spacing  ratio 
increased,  the  heat  transfer  coefficient  increased. 

Impingement  Distance  (Z^) 

The  distance  between  the  impingement  plate  and  the  surface  to  be  cooled  is  defined 
as  the  impingement  distance  (Z  ).  The  "Heat  Transfer  Design  Data  Book"5  states 
that  for  values  of  (Z  /D)  well  afiove  5.  3,  the  "arrival"  velocity  of  the  jet  on  the 
plate  and  the  corresponding  average  heat  transfer  coefficient  decrease  with  in¬ 
creasing  Z  /D  for  a  constant  impingement  hole  Reynolds  number.  This  effect  is 
indicated  in  Figure  5.  The  region  of  a  jet  where  the  velocity  remains  constant  and 
equal  to  the  velocity  at  the  hole  exit  is  defined  as  the  potential  core.  It  is  gener¬ 
ally  accepted  that  the  peaks  of  the  curves  in  Figure  5  occur  at  Zn/D  corresponding 
to  this  core  length.  Gauntner  et  al6  indicate  that  various  investigators  have 
measured  potential  core  lengths  for  turbulent  jets  which  vary  from  4.7  to  7.7  hole 
diameters.  They  recommend  the  use  of  6. 1  hole  diameters  as  the  potential  core 
length  if  the  actual  length  for  a  particular  configuration  is  not  known. 

Kercher  *  tested  the  effect  of  impingement  distance  on  heat  transfer  for 
Z  /D  in  the  range  1.0  to  4.8.  In  this  range,  increasing  Zn/D  increases  heat  trans¬ 
fer  without  crossflow  (see  Equation  (1)  and  Figure  5)  but  tends  to  decrease  heat 
transfer  with  crossflow.  Metzger  and  Korstad4  ran  similar  tests  for  values  of 
Z  /D  in  the  range  2  to  6.7.  Their  data  in  Figure  6  shows  the  importance  of 
crossflow.  It  indicates  that  heat  transfer  with  large  crossflow  decreases  rapidly 

as  Z  /D  increases, 
n 

In  summary,  the  impingement  cooling  literature  does  not  point  out  a  single  opti¬ 
mum  impingement  distance  for  heat  transfer  with  crossflow.  However,  it 
indicates  that  the  range  of  interest  should  be  limited  to  values  of  Z  /D  less  than 
six.  The  values  used  in  the  impingement-film  test  vehicle  design  were  2,  4,  and 
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6.  The  Test  Results,  in  this  report,  show  a  small  effect  of  Zn/D.  A  maximum 
heat  transfer  occurred  in  the  neighborhood  of  Zn/D  =  4.  The  cooling  effective¬ 
ness  was  less  at  Zn/D  =  2  and  6. 

FILM  COOLING  TECHNOLOGY 

Documents  reviewed  in  the  field  of  film  cooling  technology  are  References  13 
through  28.  No  references  were  found  which  treated  impervious  wall  film  effect¬ 
iveness  (v)  in  nonuniform  density  flows  with  an  imposed  adverse  pressure  gradi¬ 
ent  and  nonideal  slot  geometries.  References  were  found  which  treated  the 
effects  of  these  items  and  other  variables,  such  as  coolant  to  hot  gas  velocity 
rates,  lip  thickness,  lip  length  and  slot  height  on  an  individual  basis  and  in  combi¬ 
nations  of  two  or  three  variables.  This  information  is  summarized  in  the  text 
which  follows. 

Slot  Configuration 


Nina  and  Whitelaw  13  investigated  two  types  of  three-dimensional  slot  configura- 
tions--tangential  injection  and  splash  cooling  impingement  injection--which 
are  shown  schematically  as  Configurations  1  and  2  of  Figure  7.  They  found 
that  for  a  given  open  area  ratio  (the  ratio  of  metering  hole  area  to  slot  area) , 
higher  film  effectiveness  can  be  achieved  with  tangential  injection  than  with 
splash  cooling  injection.  However,  fabrication  of  either  of  these  configurations 
for  a  high-temperature  environment  is  impractical.  Configuration  3  of  Figure 
7  (practical  splash  cooling  injection) ,  which  is  currently  utilized  for  combustor 
liner  cooling,  is  the  design  which  was  adopted  for  the  impingement-film  inves¬ 
tigation  tests .  The  metering  hole  configurations  could  be  made  in  several  ways, 
as  shown  in  Figure  7:  facing  downstream  (front  impingement) ,  facing  upstream 
(back  impingement) ,  tangential  as  in  Configuration  1 ,  or  normal  as  in  Config¬ 
uration  2.  Tangential  injection  holes  were  not  suitable  for  the  test  panel  because 
film  effectiveness  of  the  upstream  slot  is  lowest  at  the  downstream  lip.  There¬ 
fore,  impingement  cooling  of  the  lip  was  necessary  to  achieve  a  low  lip 
temperature  and  a  low  overall  radiation-averaged  temperature.  Figure  8 
contains  data  from  Proctor  14 t  which  shows  that  slot  designs  similar  to  Config¬ 
uration  3  of  Figure  7  have  greater  effectiveness  with  back  impingement  holes 
than  with  front  impingement.  Since  the  requirement  of  a  low  radiation-averaged 
temperature  makes  it  desirable  to  provide  impingement  cooling  as  close  as 
possible  to  the  end  of  the  lip ,  front  impingement  holes  will  be  used  in  this 
design  at  some  sacrifice  in  effectiveness.  Based  on  the  results  of  Nina  and 
Whitelaw  13  shown  in  Figure  9,  it  was  assumed  that  the  front  impingement  holes 
introducing  air  between  tangential  and  normal  directions  have  an  effectiveness 
falling  between  those  achieved  with  tangential  and  normal  injection.  Some 
useful  data  on  nonideal  slot  geometries,  in  uniform  density  flows  (pc/p^  =1.0) 
without  pressure  gradients,  can  be  found  in  References  13  through  17. 
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1)  TANGENTIAL  INJECTION 


2)  SPLASH  COOLING  INJECTION 


3)  PRACTICAL  SPLASH  COOLING  INJECTION 


Figure  7.  Slot  Configurations  . 
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O  BACK  IMPINGING,  0.065  in.  SLOT,  M  =  .88 
A  FRONT  IMPINGING,  0.065  in.  SLOT,  M  =  .89 


24  10  12  14  20 

X/MS 


Figure  8.  Effect  of  Backward  Impingement  and  Forward 
Impingement  on  Film  Effectiveness . 


O  NORMAL  SLOT 
A  TANGENTIAL  SLOT 


Figure  9 .  Comparison  of  Film  Cooling  With  Normal  and 
Tangential  Injection. 


3 


Metering  Holes 


Nina  and  Whitelaw13  determined  the  influence  of  open  area  ratio  (the  ratio  of 
metering  hole  area  to  slot  area)  on  film  effectiveness  for  the  tangential  injection 
slot  configuration  shown  in  Figure  7.  Two  different  hole  diameters,  0.  290  and 
0.410  in.  at  a  hole  spacing  of  0.50  in. ,  were  tested.  They  had  open  area  ratios  of 
0. 264  and  0. 528,  respectively. 

It  was  found  (Figure  10)  that  the  large  open  area  ratios  resulted  in  higher  film 
effectiveness.  Nina  and  Whitelaw13  also  determined  the  influence  of  a  change  in 
hole  spacing  with  the  open  area  held  constant.  Two  different  hole  diameters,  0.290 
and  0.410  in.  at  an  open  area  ratio  of  0.264,  were  tested  with  spacings  of  0.5  and 
1.0  in.  Their  results,  found  in  Figure  11,  show  that  at  a  point  40  slot  heights 
downstream,  effectiveness  for  a  given  open  area  ratio  increases  as  spacing  in¬ 
creases;  but  at  a  point  10  slot  heights  downstream,  it  decreases  with  increasing 
spacing.  Sturgess18  recommends,  for  good  mixing  and  uniform  films,  that  the 
spacing  to  diameter  ratio  should  be  small  and  that  ratios  in  the  range  2.  0  to  2.  5 
are  desirable.  The  spacing  ratio  used  in  the  impingement-film  test  vehicle 
design  was  1.83. 

Lip  Thickness  and  Length 


Sivasegaram  and  Whitelaw19  tested  the  influence  of  slot  lip  thickness  on  film 
effectiveness  for  an  ideal,  two-dimensional,  unobstructed  slot.  A  constant  0.032 
in.  lip  thickness  was  used  with  0.074-,  0.132-,  0.25- ,  and  0.50-in.  slot  heights, 
which  correspond  to  lip  thickness  to  slot  height  ratios  (t/S)  of  0.432,  0.242,  0. 128, 
and  0. 064.  They  found  (Figure  12)  that  for  given  values  of  mass  flow  rate  through 
the  slot  and  given  free-stream  velocities,  the  effect  of  an  increase  in  the  lip 
thickness  to  slot  height  ratio  is  in  general  to  decrease  the  effectiveness,  especially 
if  thickness  to  slot  height  ratio  is  greater  than  approximately  0.25.  Sturgess20 
studied  the  effect  of  slot  lip  thickness  for  a  slot  configuration  similar  to  that  of 
Configuration  3  in  Figure  7  and  recommends  that  the  ratio  t/S  should  not  exceed 
0.30.  Nina  and  Whitelaw3  ran  tests  on  a  tangential  injection  slot,  as  shown  in 
Configuration  1  in  Figure  7,  using  lip  thickness  ratios  t/S  0.5  and  0.125.  They 
found  (Figure  13)  that  smaller  values  of  t/S  result  in  higher  effectiveness. 
Proctor  14  tested  the  effect  of  lip  thickness  on  the  performance  of  a  practical 
impingement  slot  configuration,  as  shown  in  Configuration  3  in  Figure  7.  He 
used  a  fixed  0.26-in.  slot  height  and  lip  thickness  of  0.12,  0.224  and  0.36  in., 
which  correspond  to  lip  thickness  to  slot  height  ratios  of  0.46,  0.86,  and  1.38.  He 
found  that  with  a  configuration  of  this  type,  the  lip  thickness  does  not  have  a 
strong  effect  on  film  effectiveness. 

Proctor's  data  was  for  a  slot  configuration  similar  to  the  configuration  which  will 
be  used  in  the  test  panel  design  and  was  better  controlled  than  that  of  the  other 
experimenters  since  the  lip  thickness,  rather  than  the  slot  height,  was  varied  to 
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Figure  11.  Influence  of  Pitch  (Spacing). 
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Figure  13.  Influence  of  Lip  Thickness  for  Tangential  Injection  Clot. 


change  the  t/S  ratio.  Therefore,  it  is  concluded  that  for  the  practical  impingement 
slot  configuration ,  the  lip  thickness  does  not  have  a  strong  influence  on  the  film 
effectiveness.  However,  since  no  adverse  effects  have  been  shown  for  thin  lips 
with  any  configuration,  lip  thicknesses  for  the  test  panels  were  set  at  0.  044  in.  , 
which  is  sufficient  for  the  requirement  to  embed  thermocouples. 

The  effect  of  lip  length  on  the  performance  of  a  tangential  injection  slot  (Configura¬ 
tion  1,  Figure  7)  was  investigated  by  Nina  and  Whitelaw1^  for  lip  length  to  slot 
height  ratios  (L/S)  of  0,  2.36  and  4.0.  Their  data  (Figure  14)  shows  that  a  zero 
length  slot  has  a  low  effectiveness  but  that  slot  lips  with  L/S  ratios  of  2.36  and  4.00 
have  nearly  equal  film  effectiveness.  They  also  tested  a  splash  cooling  injection 
slot  configuration  for  values  of  L/S  of  2. 36  and  4. 00.  Their  data  (Figure  15)  shows 
that  longer  lip  length  for  this  configuration  resulted  in  somewhat  higher  effective¬ 
ness  near  the  slot  exit  but  slightly  lower  effectiveness  at  a  distance  of  30  slot 
heights  downstream  Their  results  indicate  that  film  effectiveness  increases  as 
the  lip  length  to  slot  height  ratio  increases.  In  the  impingement -film  test  vehicle 
the  lip  length  is  1.05  in. ,  which  corresponds  to  L/S  of  10.5  and  7.2  for  slot 
heights  of  0.100  and  0.145  in.  respectively. 


Slot  Heights 

OA 

Sturgess  recommends  that  for  most  efficient  use  of  available  cooling  air,  slot 
heights  should  not  fall  outside  the  range  0.125  to  0. 175  in.  Proctor  14  tested  the 
influence  of  slot  heights  on  film  effectiveness  for  slots  in  the  range  0. 040  to  0. 100 
in.  for  both  front  impingement  (Figure  16)  and  back  impingement  (Figure  17)  holes. 
He  concluded  that  no  significant  change  in  film  effectiveness  occurred  with  varying 
slot  height  and  constant  cooling  airflow .  The  impingement-film  heat  transfer 
program  included  film  cooling  tests  with  0.100-  and  0.145-in.  slot  heights. 

Since  the  film  effectiveness  was  higher  at  the  most  severe  heating  condition, 

0.4  Mach  number  with  a  0.100-in.  slot,  the  impingement-film  tests  were  run 
with  a  0.100-in.  slot  height. 


Injection  Velocity  Ratio  (V^/V^). 


Sturgess20  recommends  that  coolant  to  mainstream  velocity  ratio  (Vc/Vg) 
fall  within  the  range  0.5  to  1.1  for  maximum  film  effectiveness.  Pai  and 
Whitelaw^l  tested  the  effect  of  the  injection  velocity  ratio  in  the  range  0.322  to 
3.33  for  nonuniform  density  flows  (Pc/P  >1).  For  that  case,  they  found  that 
optimum  film  effectiveness  is  obtained  wRen  Vc/Vg  is  about  unity.  Their  data, 
replotted  in  Figure  18,  shows  this  effect.  There  is  general  agreement  that  in¬ 
jection  velocity  ratio  near  unity  is  optimum  for  film  effectiveness.  This  was 
generally  confirmed  by  the  impingement-film  test  results  in  which  film  effective¬ 
ness  was  greater  for  velocity  ratios  below  one  than  above  one. 
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A  S=  .100in.,M  =  1.3 
O  S=  .065  in.,  M  =  2.0 
O  S=  .040  in.,  M  =  2.9 


Figure  16.  Front  Impinging  Panel  -  Wc  -  C.26  lb/sec  . 


A  S  =  .100  in.,  M  =  0.55 
O  S  =  .065  in.,  M  =  0.92 


Figure  17.  Back  Impinging  Panel  -  Wc  0. 11  lb/sec. 
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Density  Ratio  (  pj  p^) 

The  density  ratio  is  defined  as  the  ratio  of  the  slot  coolant  density  to  the  main¬ 
stream  density.  Data  could  not  be  found  which  gives  film  effectiveness  for  non- 
uniform  density  and  slot  configurations  similar  to  that  used  in  the  panel  test 
program.  However,  the  effects  of  nonuniform  densitv  flows  for  an  ideal,  two- 
dimensional  slot  were  obtained  by  Pai  and  Whitelaw^.  They  found  (Figure  181 
that  for  a  given  value  of  (V  JV  ),  an  increase  in  the  density  ratio,  Pc/Pg  .  in¬ 
creased  the  film  effectiveness.^  The  density  ratio  for  the  impingement-film  tests 
was  determined  by  the  specified  hot  gas  conditions  and  was  in  the  range  2 . 5  to 
3.0. 


Pressure  Gradient 

Pai  and  Whitelaw22  ran  tests  with  nonuniform  density  flows  pc/pg.  =  4. 17  in  an 
adverse  pressure  gradient  (Figure  19).  They  found  that  for  distances  less  than  50 
slot  heights  downstream,  the  values  of  effectiveness  are  the  same  as  for  the  zero 
pressure  gradient  case.  For  distances  greater  than  50  slot  heights,  the  effective¬ 
ness  was  somewhat  greater  with  the  adverse  pressure  gradient  than  without  it. 
Results  of  the  portion  of  the  impingement-film  test  program  which  had  film 
cooling  only  (no  impingement)  on  the  test  panel  agreed  well  with  predictions 
based  on  zero  pressure  gradient.  This  indicates  that  there  was  no  measur¬ 
able  effect  of  the  adverse  gradient  for  X/S  values  up  to  55. 
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DESCRIPTION  OF  TEST  APPARATUS 


TEST  RIG 

The  test  setup  and  the  test  rig  are  shown  in  Figures  20  and  21 .  Figure  22  is  a 
schematic  of  the  test  rig.  The  test  rig  is  a  two-dimensional  hot  gas  tunnel 
consisting  of  a  two-dimensional  ASME  bellmouth  followed  by  a  15-in. -long 
constant-area  inlet  duct,  a  14-in. -long  cooled  diffuser  test  section  on  which  the 
inlet  and  test  panels  are  mounted,  and  a  9-in. -long  constant-area  exhaust  duct 
downstream  of  the  diffuser.  A  flange  (see  Figure  21)  is  used  to  mount  the  test 
rig  on  a  12-in  .-diameter  high-pressure  hot  gas  supply  plenum.  The  installed 
test  rig  is  shown  in  Figure  20. 

Inlet  Section 

The  ASME  bellmouth  (see  Figure  21)  has  an  elliptic  contour  with  the  major  axis 
equal  to  three -halves  of  the  minor  axis.  To  ensure  turbulent  flow  through  the 
test  sections,  a  15-in.  constant-area  inlet  duct  is  incorporated  upstream  of  the 
diffusing  test  section  and  screens  are  installed  upstream  of  the  bellmouth  in  the 
inlet  plenum  duct .  —  -  ■ 

Test  Section 

The  diffuser  duct  test  section  of  the  test  rig  is  14  in.  long  with  a  2  x  7  in. 
cross  section  at  the  inlet  and  a  3  x  7  in.  cross  section  at  the  exit.  Figure  23  is  a 
top  view  of  the  test  rig  which  shows  where  the  inlet  and  test  panels  are 
mounted  on  the  diffuser.  The  test  panels  are  cooled  and  form  one  side  of  the  dif¬ 
fuser  duct.  The  other  three  sides  of  the  diffuser  duct  are  impingement  cooled  by 
shop  air  so  that  the  radiation- averaged  temperature  of  the  three  diffuser  walls  can 
be  controlled  and  held  at  the  radiation-averaged  temperature  of  the  test  panels. 
Also,  to  reduce  radiation,  the  cooled  diffuser  walls  extend  about  2.75  in.  upstream 
and  downstream  of  the  test  panels.  Therefore,  the  inlet  test  panels  are  not  heated 
by  radiation  from  the  hot  diffuser  walls  but  only  by  convection  from  the  hot  gas 
stream.  Figure  24  is  a  schematic  of  the  diffuser  cooling  circuit.  The  connections 
can  be  seen  on  the  bottom  of  the  diffuser  in  Figure  20.  The  diffuser  cooling  air 
enters  through  the  two  hoses  shown  in  Figure  20  and  exhausts  into  the  test  cell 
from  six  pipe  nipples  seen  on  the  bottom  of  the  test  rig. 

The  test  panel  design  and  impingement-film  cooling  systemc  are  shown  in  Figure 
25.  The  total  cooled  surface  area  (As)  for  both  the  inlet  and  test  panels  is 
82.53  in.2.  The  cooling  air  sides  of  the  test  and  inlet  panels  are  shown  in 
Figures  26  and  27.  The  main  part  of  each  panel  is  0. 062  in,  thick.  The  slot 
lips,  which  are  extensions  of  the  panels,  are  0,044  in.  thick.  The  inlet  panel 
slot  lip  is  shown  in  Figure  23.  The  test  panel  slot  lip  is  on  the  inlet  panel  as 
shown  in  Figure  27.  The  panel  thickness  was  determined  by  a  requirement  to 
embed  thermocouples  in  them  and  to  assure  small  deflections  due  to  bending. 

The  lip  thickness  was  made  as  small  as  possible  to  avoid  the  reduced  film 
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Figure  20.  Test  Rig  Setup 


Figure  21.  Test  Rig  -  Side  View. 


Figure  22.  Test  Section  -  Schematic. 


Figure  23.  Test  Section  -  Top  View 
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Figure  27.  Inlet  Panel  -  Cooling  Air  Side 


effectiveness,  which  is  indicated  in  Figure  13,  caused  by  turbulence  from  the 
base  of  the  lip.  In  order  to  measure  temperature  distribution  in  the  cooled 
inlet  and  test  panels,  two  thermocouples  were  embedded  in  the  lip  region  of 
the  inlet  panel  and  eight  were  embedded  in  the  test  panel.  They  are  listed  T1 
through  T10  on  the  instrumentation  list  (see  page  42)  and  can  be  seen  in  Figures 
26  and  27. 

Film  Slot  Design 

The  film  cooling  slot  design  is  shown  in  Figure  25.  The  pertinent  film  cooling 
geometry  parameters  for  the  two  slot  heights,  0. 100  and  0.140  in. ,  are: 

Slot  Height  (S),  in. 


0.100 

0.140 

Cooled  panel  surface  area  (As),  in.  2 

82.53 

82.53 

Slot  area  (Ac),  in.  2 

.70 

.98 

Lip  thickness  (t),  in. 

.044 

.044 

t/S 

.44 

.37 

Lip  length  (L),  in. 

1.05 

1.05 

L/S 

10.05 

7.2 

Number  of  metering  holes 

63 

63 

Metering  hole  diameter  <Dm),  in. 

.  120 

.120 

Metering  hole  pitch  (Xm),  in. 

.22 

.22 

Metering  hole  total  area  (Am),  in. 2 

.713 

.713 

Metering  hole  pitch/diameter  (Xj^/D,^) 

1.83 

1.83 

Open  area  ratio  <Am/Ac) 

1.019 

.728 

Impingement  Baffle  Design 

The  impingement  cooling  is  accomplished  by  an  array  of  cooling  air  jets  which 
impinge  on  the  cool  side  of  the  inlet  and  test  panels.  The  jets  are  formed  by  the 
perforated  baffles  shown  above  the  inlet  and  test  panels  in  Figure  25.  The  two 
panels  have  identical  impingement  baffles  which  can  be  changed  by  removing  the 
two  covers  shown  in  Figure  25,  The  covers  also  form  inlet  plenum  chambers  for 
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the  cooling  air.  The  tests  were  run  with  the  three  pairs  of  impingement  baffles 
shown  in  Figures  28,  29  and  30.  The  baffles  have  0.031- ,  0.052-  and  0. 070-in.  - 
diameter  impingement  holes  in  a  square  array .  They  have  a  spacing  ratio 
(hole-to-hole  centerline  distance  divided  by  hole  diameter)  of  4.  Other  spacing 
ratios  were  obtained  by  selectively  covering  rows  and  columns  of  holes.  In 
each  of  Figures  28,  29,  and  30  the  test  panel's  baffle  is  shown  untaped  and  the 
upstream  panel's  baffle  is  shown  with  its  spacing  altered  by  adhesive  backed 
aluminum  tape.  The  impingement  distance,  from  impingement  panel  to  cooled 
panel,  was  varied  by  using  different  gasket  thicknesses  between  the  impingement 
baffle  and  the  cooled  panel.  The  cooling  air  systems  for  the  two  test  panels  were 
completely  independent  but  operated  identically  to  simulate  an  operational  system. 

Exhaust  Section 


A  12-in.  constant-area  exhaust  duct  downstream  of  the  diffuser  section  was  in¬ 
corporated  into  the  design  to  prevent  the  exhaust  system  from  affecting  test 
results. 


TEST  FACILITY 

The  impingement-film  heat  transfer  tests  were  run  in  Cell  70,  Building  1-70,  in 
Lynn,  Massachusetts.  The  piping  system  for  the  cell  is  shown  schematically  in 
Figure  31.  It  includes  a  gas-fired  indirect  heater,  which  is  shown  schematically 
in  Figure  32,  and  uses  the  300-psi  plant  air  supply.  The  system  can  supply 
1200°F  air  at  2-lb/sec  airflow.  The  impingement-film  tests  were  run  at  a 
nominal  temperature  of  1100°F  with  a  cooling  flow  range  of  0.4  to  1.8  lb/sec. 
Temperature  and  pressure  were  controlled  by  electropneumatic  servo  mixing 
and  regulating  valves. 

Figures  33  and  34  show  the  instrumented  test  rig  mounted  in  the  facility. 
Standard  cell  instrumentation  includes  multipoint  temperature  and  digital  pressure 
readouts,  flow  measurement,  and  deadweight  pressure  standards  for  in-place 
calibration  of  pressure  systems  for  the  impingement-film  test  program.  Cell  70 
instrumentation  readout  capabilities  were  improved  to  permit  direct  input  of  test 
panel  and  diffuser  wall  temperatures  in  the  time-sharing  computer  system.  The 
computer  prints  out  temperature  and  radiation-averaged  test  panel  and  diffuser 
wall  temperatures.  This  information  was  required  so  that  the  radiation -averaged 
temperatures  could  be  maintained  nearly  equal  to  prevent  heat  transfer  by  radia¬ 
tion  between  the  test  panels  and  the  diffuser  walls. 
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Figure  30.  Impingement  Baffles  -  0. 070-In  .-Diameter  Holes 


MAIN  AIR  SUPPLY 


_/7A 

a* 

WO 

Hi 

aa 

o> 

Figure  31.  Drive  Air  Schematic  for  Cells  70  and  71 


Figure  32.  Air  Heater  Schematic  for  Cells  70  and  71. 


Figure  33.  Instrumented  Test  Rig  With  Inlet  and  Test  Panels  Installed. 


INSTRUMENTATION 


Figure  35  shows  schematically  the  location  of  pressure  instrumentation  used  during 
this  test  to  record  the  following  absolute  pressures: 

PI  Hot  gas  inlet  total  pressure. 

P2 

P3  Hot  gas  exit  total  pressure. 

P4 

P5  Hot  gas  inlet  static  pressure. 

P6 

P7  Hot  gas  exit  static  pressure. 

P8 

P9  Inlet  panel  impingement  cooling  air  static  pressure. 

P10  Test  panel  impingement  cooling  air  static  pressure. 

Pll  Inlet  panel  metering  hole  cooling  air  static  pressure. 

P12  Test  panel  metering  hole  cooling  air  static  pressure. 

P13  Inlet  panel  slot  cooling  air  static  pressure. 

P14  Test  panel  slot  cooling  air  static  pressure. 

P15  Diffuser  wall  static  pressures. 

through 

P20 

P21  Hot  gas  orifice  upstream  static  pressure. 

P22  Inlet  panel  cooling  air  orifice  upstream  static  pressure. 

P23  Test  panel  cooling  air  orifice  upstream  static  pressure. 

P26  Vidar  zero  reference. 

P48  Fourteen  inches  of  water  -  deadweight  tester. 
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The  following  differential  pressures  were  also  measured: 

DPI  Hot  gas  orifice  differential  pressure. 

DP2  Hot  gas  inlet  velocity  head  (PI  -  P5)  and  (P2  -  P6). 

DP3 

DP4  Hot  gas  exit  velocity  head  (P3  -  P7)  and  (P4  -  P8). 

DP5 

DP6  Inlet  panel  cooling  air  orifice  differential  pressure. 

DP7  Test  panel  cooling  air  orifice  differential  pressure. 

DP8  Test  panel  impingement  plate  differential  pressure  (P10  -  PI 2). 

NOTE:  P26  and  P48  are  used  for  calibration  of  the  Vidar  System. 

Figure  36  shows  schematically  the  location  of  instrumentation  used  during  this 
test  to  record  the  following  temperatures: 

T1  Test  panel  slot  lip  metal  temperature. 

T2 

T3  Test  panel  metal  temperatures. 

through 

T10 

Til  Diffuser  wall  metal  temperatures. 

through 

T16 

T17  Inlet  panel  impingement  cooling  air  temperature. 

T18 

T19  Test  panel  impingement  cooling  air  temperature. 

T20 

T21  Hot  gas  inlet  temperature. 

T22 

T23  Hot  gas  exit  temperature. 

T24 

T25  Test  panel  metering  hole  inlet  air  temperature. 

T35 
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T26  Hot  gas  orifice  upstream  temperature. 

T27  Inlet  panel  cooling  air  orifice  upstream  temperature. 

T28  Test  panel  cooling  air  orifice  upstream  temperature. 

T29  Inlet  panel  slot  exit  air  temperature. 

T30 

T31  Test  panel  slot  exit  air  temperature. 

T32 

T33  Inlet  panel  metering  hole  inlet  air  temperature. 

T34 

All  instrumentation  was  calibrated  against  known  standards  with  an  allowable 
instrumentation  error  of: 

Pressure  +  2% 

Temperature  +  5°F 

Flow  Rates  +  2% 

AP+  1% 

Figure  37  shows  the  control  room  for  the  test  cell,  hi  the  control  room  can  be 
seen  the  teletype  console  of  the  time-sharing  computer  (through  which  tempera¬ 
tures  were  read  out) ,  the  digital  pressure  readout  (Vidar  System)  ,  the  water 
and  mercury  manometers  (on  which  the  differential  pressures  were  measured), 
the  console  for  controlling  the  primary  hot  gas  flow  and  the  diffuser  and  panel 
cooling  flows,  and  the  gas  heater  control  system. 
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Figure  37.  Control  Room  . 


TEST  PROCEDURE 


The  impingement-film  heat  transfer  tests  were  conducted  on  17  cooling  config¬ 
urations.  Four  of  the  configurations  were  tested  without  impingement  baffles 
and  the  remaining  13  with  various  combinations  of  impingement  hole  diameters, 
hole  spacing,  and  impingement  baffle  to  test  panel  distance.  Details  of  these 
configurations  are  summarized  in  Table  1.  Also  see  the  test  configuration 
description  tables  in  the  appendix. 

FILM-ONLY  COOLING  TESTS 


Initially  the  test  rig  was  assembled  without  the  impingement  baffles.  Insulation 
was  placed  on  the  cool  side  of  the  inlet  and  test  panels,  except  at  the  film  cooling 
air  metering  holes.  This  gave  test  panel  temperature  measurements  which  were 
essentially  adiabatic  for  use  in  determining  the  effectiveness  of  film-only  cooling. 
The  film-only  cooling  tests  were  run  at  film  slot  heights  of  0.100  and  0.145  in. 

Hot  gas  inlet  total  temperature  was  set  nominally  at  1100°F  for  all  test  conditions 
except  some  of  the  0. 1  Mach  number  conditions  .which  were  run  at  a  slightly  lower 
temperature  due  to  facility  temperature  limitations.  At  each  slot  height  the  hot 
gas  inlet  total  pressure  and  flow  rates  were  adjusted  to  provide  diffuser 
inlet  duct  Mach  numbers  of  0.1,  0.2,  0.3  and  0.4.  At  each  inlet  duct  Mach 
number,  the  inlet  and  test  panel  cooling  air  was  adjusted  to  provide  five  test 
panel  radiation-averaged  temperatures  between  200°  and  500°F. 

At  each  cooling  airflow  setting ,  the  duct  wall  radiation-averaged  temperature 
(determined  from  six  duct  wall  temperatures)  was  set  to  within  ±  50°  F  of  the  test 
panel  radiation-averaged  temperature  by  adjusting  the  duct  cooling  airflow . 
Additional  points,  at  the  same  five  radiation-averaged  temperatures,  were  taken  at 
0.  2  Mach  number  with  the  duct  cooling  air  supply  lines  removed.  This  allowed  the 
duct  to  heat  up  so  that  the  effect  of  duct  temperature  on  test  panel  measured  tem¬ 
perature  could  be  evaluated.  After  each  hot  gas  or  cooling  airflow  change ,  suf¬ 
ficient  time  was  taken  for  the  system  to  reach  steady- state  values  before  data  was 
recorded.  After  the  system  stabilized,  the  settling-out  time  for  the  test  panel  was 
about  five  minutes. 

To  determine  the  effect  of  the  upstream  (inlet  panel)  cooling  air  on  the  downstream 
(test)  panel,  this  sequence  of  testing  was  repeated  at  the  end  of  the  test  program 
with  cooling  air  to  the  inlet  panel  shut  off.  A  total  of  100  test  points  were  run 
during  this  portion  of  the  test  program. 
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TABLE  I.  COOLING  CONFIGURATIONS  TESTED 


Configuration 

No. 

Film  Slot 
Height 
(in.) 

Impingement 

Hole  Diameter 
(in.) 

X  /D 
n 

Z  /D 
n 

1 

0.100 

* 

_ 

2 

0.145 

* 

- 

- 

3 

0.100 

0.070 

4 

4 

4 

0.100 

0.070 

8 

4 

5 

0.100 

0.070 

12 

4 

6 

0.100 

0.052 

4 

4 

7 

0.100 

0.052 

8 

4 

8 

0.100 

0.052 

12 

4 

9 

0.100 

0.052 

8 

6 

10 

0.100 

0.052 

8 

2 

11 

0.100 

0.031 

4 

4 

12 

0.100 

0.031 

8 

4 

13 

0.100 

0.031 

12 

4 

14 

0.100 

0.070 

8 

2 

15 

0.100 

0.070 

8 

6 

16 

0.100** 

* 

- 

- 

17 

0.145** 

* 

- 

- 

*No  impingement  baffle.  Cooling  air  flowing  from  both  inlet  and  test 
panel  (i.e. ,  overlapped  film  cooling  on  test  panel). 

** Inlet  panel  flow  shut  off  to  determine  single  film  effect. 

IMPINGEMENT-FILM  TESTS 


Nine  impingement  arrays  were  tested  to  investigate  the  effect  of  impingement 
hole  sizes  and  spacings.  The  nine  arrays  were  made  up  from  three  basic 
baffles  having  holes  0.031,  0.052,  and  0.070  in.  in  diameter  respectively.  The 
basic  baffles  had  the  holes  arranged  in  square  arrays  spaced  4  diameters  on 
centers.  Six  additional  square  arrays  with  spacings  of  8  and  12  diameters  were 
made  from  the  basic  baffles  by  selectively  covering  the  superfluous  holes .  An 
impingement  distance-to-diameter  ratio  of  4  was  maintained  for  each  of  the 
nine  tests. 

The  impingement-film  cooling  tests  were  conducted  in  the  same  way  as  the 
film-only  cooling  tests.  Again,  inlet  gas  total  temperature  was  held  at  the 
same  1100°F  for  Mach  numbers  0.2,  0.3  and  0.4  and  somewhat  reduced  tempera¬ 
tures  at  0. 1  Mach  number  because  of  facility  limitations.  The  0.2  Mach  number 
point  was  run  both  with  and  without  diffuser  duct  cooling.  At  each  Mach 
number,  five  radiation-averaged  temperatures,  as  close  as  possible  to  200°F, 
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250OF ,  300°F  ,  350°F  and  400°F  were  tested .  The  difference  in  temperature 
range  between  the  film-only  and  impingement-film  tests  resulted  from  an 
attempt  to  keep  cooling  flows  in  the  same  general  magnitude . 

The  tests  show  (Test  Results  section)  that  the  large  0.070-in. -diameter 
impingement  holes  provided  the  greatest  cooling  effectiveness.  They  were 
superior  to  both  the  0.031-  and  0.052-in.  holes  at  an  Xn/D  of  4  and  equal  to 
or  better  than  the  smaller  holes  at  Xn/D  of  8  and  12.  The  test  also  showed  that 
the  Xn/D  of  12  was  better  than  either  4  or  8  when  compared  on  the  basis  of 
cooling  effectiveness  vs  flow  per  unit  area.  However,  the  pressure  drop 
characteristic  of  the  cooling  system  with  Xn/D  of  12  restricted  the  flow  and  did 
not  allow  the  desired  radiation-averaged  panel  temperature,  within  the  limit 
of  100  inches  of  water  pressure  drop  across  the  impingement  panel.  Therefore, 
for  the  impingement  distance  tests,  the  arrays  chosen  were  those  with  hole 

diameters  of  0.052  and  0.070  in.  having  Zn/D  of  8. 


IMPINGEMENT  DISTANCE  TESTS 

At  each  impingement  hole  diameter ,  the  selected  arrays  were  tested  at  impinge¬ 
ment  distances  Zn/D  of  2  and  6.  These  four  configurations  were  tested  at  the 
same  inlet  gas  total  temperatures ,  the  same  inlet  Mach  numbers ,  and  the  same 
radiation-averaged  temperatures  as  the  previous  sequences  of  impingement- 
film  testing . 
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TEST  RESULTS 


SINGLE-FILM  COOLING 


Figures  38  through  47  show  the  film  cooling  effectiveness  distribution  along  the 
test  panel  with  no  cooling  flow  from  the  upstream  slot .  Figures  38  through  42 
show  the  cooling  effectivness  obtained  with  a  slot  height  of  0.100  in. ,  while 
Figures  43  through  47  are  for  a  slot  height  of  0.145  in.  Each  figure  presents 
the  results  at  a  given  value  of  duct  inlet  Mach  number  (Mg).  The  cooling 
effectiveness  distribution  along  the  length  of  the  test  panel  is  plotted  as  a 
function  of  X/MS  with  results  for  various  coolant  airflow  rates  presented  on 
each  figure.  Each  coolant  flow  rate  corresponds  to  a  different  value  of  slot 
exit  velocity  ratio,  which  is  the  ratio  of  the  coolant  air  slot  exit  velocity  to  the 
gas  velocity  at  the  slot  exit  (Vc/Vg) .  Also  shown  in  each  figure  is  a  curve 
representing  Huffmeier's1®  results,  which  were  run  for  a  similar  slot  geometry. 

The  data  are  presented  in  terms  of  cooling  effectiveness,  which  is  relatively 
insensitive  to  hot  gas  and  cooling  air  temperature,  rather  than  wall  tempera¬ 
ture  because  inlet  gas  temperature  and  cooling  air  temperature  could  not  be 
held  exactly  constant  from  one  test  point  to  the  next. 

However,  in  all  the  tests  at  Mg  =  0.4,  0.3,  and  0.2,  hot  gas  inlet  temperature 
was  1100°F  ±  25°.  At  Mg  =  0.1,  it  was  1050°F  ±  25°.  Cooling  air  temperature 
was  between  80°  and  130OF  throughout  the  test. 

In  general,  the  results  for  both  slot  heights  fall  in  well-defined  bands  except 
at  a  Mach  number  of  0.10.  Figure  42  shows  that  the  cooling  effectiveness  from 
test  runs  406  and  407  was  appreciably  lower  than  that  obtained  from  other  runs . 
The  slot  exit  velocity  ratios  for  runs  406  and  407  were  1.437  and  1.711, 
respectively.  Figure  47  shows  that  the  cooling  effectiveness  from  test  run 
432,  with  a  slot  exit  velocity  ratio  of  1.220,  also  was  appreciably  lower  than 
that  obtained  at  the  other  test  points.  It  is  significant  that  during  these  tests 
when  the  slot  exit  velocity  ratio  exceeded  a  value  of  one,  the  film  effectiveness 
decreased  rapidly.  The  results  of  Pai  and  Whitelaw  shown  in  Figure  18  also 
indicated  the  optimum  velocity  ratio  to  be  about  one.  Shown  in  Figures  40,  41, 
45,  and  46  are  results  of  film  cooling  effectiveness  with  and  without  duct  wall 
cooling  at  a  Mach  number  of  0.2  for  slot  heights  of  0.100  in.  and  0.145  in. 
respectively .  The  figures  show  that  there  was  no  appreciable  difference  in 
the  level  of  cooling  effectiveness  with  and  without  the  duct  wall  radiation. 
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Comparing  the  results  for  the  two  slot  heights  indicates  that  for  values  of 
X/MS  less  than  25,  the  cooling  effectiveness  for  both  slots  is  essentially  the 
same.  At  values  of  X/MS  greater  than  25,  the  film  from  the  0.145-in.  slot 
decays  more  rapidly  than  the  film  from  the  0.100-in.  slot. 

A  comparison  of  the  data  obtained  with  the  0.100-in.  slot  height  and  the  curve 
representing  Huffmeier's  results  shows  good  agreement  except  in  the  region 
near  the  slot  exit.  In  this  region,  at  all  Mach  numbers,  the  cooling  effective¬ 
ness  obtained  was  lower  than  the  Huffmeier  curve.  The  data  obtained  with 
the  0.145-in.  slot  height  exhibits  similar  agreement  with  Huffmeier's  curve 
up  to  an  X/MS  value  of  25.  Beyond  25,  the  cooling  effectiveness  was  lower 
than  the  curve . 
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Figure  38.  Film  Effectiveness  Distribution  -  Single  Film  at  =  .4,  S  =  .100  In. 
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igure  42.  Film  Effectiveness  Distribution  -  Single  Film  at  Me  =  .1,  S  =  .100  in. 


Figure  44.  Film  Effectiveness  Distribution  -  Single  Film  at  M„  =  .3,  S  =  .145  In. 


Figure  46.  Film  Effectiveness  Distribution  -  Single  Film  Without  Duct  Cooling  at  M 
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igure  47 .  Film  Effectiveness  Distribution  -  Single  Film  at  Mg.  =  .10,  S  =  .145  In. 


OVERLAPPED -FILM  COOLING 


The  results  presented  in  Figures  48  through  57  show  the  effects  of  overlapped 

film  cooling  (i.e. ,  both  inlet  and  test  panel  film  cooling  flows  over  the  test 
panel)  on  film  cooling  effectiveness. 

On  each  of  these  figures,  two  curves  are  shown:  the  lower  curve  represents 
Huffmeier's  results  for  single-film  cooling  effectiveness,  while  the  upper  curve 
represents  the  combined  effectiveness  of  the  upstream  and  downstream  films. 
The  combined  cooling  effectiveness  was  based  on  Huffmeier's  single-film 
effectiveness.  It  is  defined  in  the  following  manner: 


nc  =  hi  +  h2  (1  ~  hj)  (3) 

where  =  upstream  film  effectiveness  at  a  given  location  on  the  test  panel 

ri2  =  test  panel  film  effectiveness  at  the  same  location  as  rij 

ric  =  combined  cooling  effectiveness 

At  the  higher  hot  gas  Mach  numbers,  film  effectiveness  over  the  forward 
portion  of  the  test  panel  for  both  0. 100-  and  0.145-in.  slot  heights  falls 
between  the  curves  representing  the  single  and  overlapped  films .  Further 
downstream  on  the  test  panel,  the  results  correlate  well  within  Huffmeier's 
single-film  cooling  effectiveness  curve.  This  indicates  that  for  these  flow 
conditions,  the  film  from  the  inlet  panel  exists  only  over  the  upstream  portion 
of  the  test  panel.  At  the  lower  Mach  numbers,  for  both  slot  heights,  the 
cooling  effectiveness  falls  between  the  single  and  overlapped  film  curves  along 
the  entire  length  of  the  test  panel .  This  indicates  that  the  inlet  panel  film 
exists  over  the  entire  length  of  the  test  panel. 


FILM  COOLING  PRESSURE  DROP 


During  the  film  cooling  tests,  the  pressure  drop  across  metering  holes  and  slot 
for  the  0. 100-in.  and  0.145-in.  slots  was  measured.  The  results  are  shown  in 
Figures  58  and  59  for  the  single-film  tests  and  in  Figures  60  and  61  for  the 
overlapped  film .  The  flow  in  each  of  these  four  cases  is  practically  propor¬ 
tional  to  the  square  root  of  the  pressure  drop.  Therefore,  a  dimensional  flow 
coefficient  could  be  developed  in  the  form 

wc 

Cp  "  Am  V2  pg  <P10"Pl4) 


\\ 
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The  flow  coefficients  corresponding  to  Figures  58,  59,  60,  and  61  were  calcu¬ 
lated  from  Equation  4  at  specific  test  points  which  were  located  centrally  with¬ 
in  the  data  scatter.  They  may  also  be  calculated  directly  from  the  four  figures 
by  using  Ag  =  41.26  in.  2  which  is  the  total  surface  area  of  one  panel,  Am  =  0.713 
in.  2,  and  standard  sea  level  air  density  p0>which  corresponds  to  test  conditions. 

On  this  basis, 


r _ ^s _  |jwc/As)  read  from  the 

F  Am  /  2g  p  Q  x  12  X  Jfigure  at  A  P  =  1  psi 

The  single-film  flow  coefficients  for  S  =  0. 10  in.  and  0.14  in.  were  0.477  and 
0.667  respectively.  For  the  overlapped  film,  they  were  0.612  and  0.773 
respectively.  The  differences  between  flow  coefficients  are  probably  due  to 
differences  in  slot  height  since  the  total  metering  hole  area,  0.683  in.2,  was 
close  to  the  slot  area,  0.702  in.2  for  S  =  0. 100  in.  and  1.017  in.2  for  S  =  0. 145 
in.  The  slot  lip,  which  determined  the  slot  height,  warped  somewhat  during 
the  initial  overlapped-film  cooling  tests  because  of  thermal  effects,  and  it  had 
to  be  reset.  This  could  be  expected  to  affect  the  smaller  slot  height  more  as 
the  results  indicate.  The  single  film  pressure  drop  taken  toward  the  end  of 
the  program  is  more  consistent  and  more  reliable  since  the  slot  height  did 
not  change  after  the  initial  test. 
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Figure  48.  Film  Effectiveness  Distribution  -  Overlapped  Film  at  M_  =  .40,  S  =  .100  In. 


Figure  50.  Film  Effectiveness  Distribution  -  Overlapped  Film  at  M  =  .20,  S  =  .100  In. 
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Figure  53.  Film  Effectiveness  Distribution  -  Overlapped  Film  at  =  .40,  S  =  .145  In. 
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Figure  60.  Pressure  Drop  Across  Metering  Holes  and  Slot  -  Overlapped  Film  With  0.100-In.  Slot. 
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Figure  61.  Pressure  Drop  Across  Metering  Holes  and  Slot  -  Overlapped  Film  With  0.145-In.  Slot. 


COMPARISON  OF  IMPINGEMENT-FILM  AND  FILM  COOLING 


Figures  62  through  69  show  comparisons  between  single-film,  over  lapped -film 
and  impingement-film  cooling  for  a  slot  height  of  0.100  in.  The  impingement- 
film  results  shown  in  these  figures  are  for  an  impingement  plate  hole  diameter 
of  0.070  in.,  impingement  distance  (Zn/D)  of  4,  and  impingement  hole  spacings 
(Xn/D)  of  4,  8,  and  12. 

Cooling  effectiveness  for  the  three  modes  of  cooling  is  presented  in  these 
figures  as  a  function  of  flow  per  unit  panel  surface  area .  The  cooling  effec¬ 
tiveness  shown  in  Figures  62,  64,  66,  and  68  is  based  on  radiation-averaged 
panel  temperatures  which  include  the  two  temperatures  located  on  the  slot  lip. 
Figures  63,  65,  67  and  69  show  the  same  parameters  with  the  two  slot  lip 
temperatures  eliminated  from  the  radiation  average . 

Mechanical  features  built  into  the  test  rig  to  permit  variations  in  the  film  slot 
height  left  a  portion  of  the  upstream  panel  just  ahead  of  the  slot  lip  uncooled. 
Since  this  feature  is  not  representative  of  engine  hardware,  it  was  decided  to 
eliminate  the  slot  lip  temperature  from  the  radiation-averaged  temperature  in 
the  remaining  data . 

The  results  presented  in  Figures  62  through  69  show  that  the  cooling  effective¬ 
ness  for  impingement-film  cooled  panels  was  significantly  better  than  for  film- 
cooled  panels .  The  reduction  in  radiation-averaged  panel  temperatures  that 
can  be  achieved  with  an  impingement-film  cooling  system  as  opposed  to  a  film- 
only  system  can  be  calculated  from  the  results  shown  in  those  figures  since 
X]  is  defined 


h  rp  _  rp  (5) 

g  Ac 

This  equation  can  also  be  written 

Tw  =  Tg  "  h  ^g  "  Tc)  (6) 

If  systems  1  and  2  are  compared  at  the  same  hot  gas  temperature  Tg  and  coolant 
tempera.ure  Tc,  Equation  (6)  leads  to 

^w2  -  Twl  ~  (hi  -  h  (^g  “  Tc)  (7) 

For  example,  when  inlet  Mach  number  =  0.4,  impingement  hole  diameter  = 

0.070  in. ,  slot  height  =  0.10  in. ,  Xn/D  =  12,  and  Zn/D  =  4,  Figure  69  is  used. 
When  the  flow  per  unit  surface  area  is  0.20  lb/sec  ft2,  cooling  effectiveness  is 
about  0.90.  Under  the  same  conditions  with  film  cooling  only,  n  is  about  0.67. 
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Figure  62.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  -  Xn/D  at  Mg  =  .10. 


Figure  63.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  Without  Slot  Lip  Temperatures  at  Mg  =  .10. 
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Figure  64.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  -  Xn/D  at  Mg  =  .20. 
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Figure  65.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  -  X  /D  at  M„  =  .20. 
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Figure  66.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  -  Xn/D  at  Mg  =  .30. 
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IMPINGEMENT  FILM 
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O  Xn/D  . 4 
Ax„/D  =  8 
Qx„/D  =  12 


Figure  67.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  Without  Slot  Lip  Temperatures  at  Mg  =  .30. 
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Figure  68 .  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  -  Xn/D  at  Mg  =  .40. 
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Figure  69.  Results  Comparing  Film  Cooling  Effectiveness  With 
Impingement-Film  Cooling  Effectiveness  for  Various 
Hole  Spacings  Without  Slot  Lip  Temperatures  at  Mg  =  .40. 
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Under  those  conditions,  when  the  hot  gas  temperature  is  1100°F  and  coolant 
temperature  is  80°F,  the  difference  in  wall  temperature  between  system  2, 
film  cooling,  and  system  1,  impingement-film  cooling,  is  found  from  Equation 
( 7)  to  be 


Tw2  "  Twl  =  (0-90  '  °-67>  <1100°F  ~  80°F)  =  235°F 

The  results  also  show  the  high  cooling  effectiveness  occurring  at  the  largest  hole 
spacing  (Xn/D  =  12).  However,  associated  with  the  large  hole  spacing  is  the  re¬ 
quirement  for  a  large  pressure  drop  across  the  impingement  plate.  Therefore, 
for  a  low  pressure  drop  system,  the  required  amount  of  cooling  airflow  may  not 
be  attainable  at  the  larger  spacings. 

EFFECT  OF  IMPINGEMENT  HOLE  DIAMETER  ON  COOLING  EFFECTIVENESS 

Figures  70  through  81  show  the  effects  of  impingement  hole  diameter  on  cooling 
effectiveness  for  the  series  of  impingement  hole  spacings  (Xn/D)  and  inlet  Mach 
numbers  tested.  The  results  are  summarized  in  the  following  paragraphs. 

Results  Using  Impingement  Spacing  of  4 

At  an  Xn/D  =  4,  the  cooling  effectiveness  increased  with  increasing  impingement 
hole  diameter  for  all  Mach  numbers . 

Results  Using  Impingement  Spacing  of  8 

1.  At  Mach  numbers  of  0.4,  0.3,  and  0.2,  impingement  baffles  with  hole 
diameters  of  0.070  in.  and  0.052  in.  yield  higher  cooling  effectiveness 
than  a  baffle  with  0.031-in. -diameter  holes  at  Mach  numbers  of  0.4, 
0.3,  and  0.2. 

2.  At  an  inlet  Mach  number  of  0.1  and  at  the  lower  cooling  flows,  the 
baffle  with  0.031-in. -diameter  holes  had  higher  cooling  effectiveness 
than  the  baffle  with  0.052-in.  holes  and  equalled  the  performance  of 
the  baffle  with  0.070-in.  holes. 

3.  The  baffle  with  0.070-in.  holes  produced  higher  cooling  effectiveness 
than  the  other  two  baffles  at  the  higher  cooling  flows. 

4.  At  lower  cooling  flows,  there  was  not  much  difference  between  the 
cooling  effectiveness  of  baffles  with  0.070-in.  holes  and  0.052-in. 
holes . 
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Results  Using  an  Impingement  Spacing  of  12 


1 .  The  0.070-in.  holes  yielded  the  highest  effectiveness  at  an  inlet  Mach 
number  of  0.2. 

2.  For  Mach  numbers  of  0.1  and  0.3,  at  the  higher  cooling  flows,  the 
0.070-in.  holes  produced  higher  cooling  effectiveness. 

3.  At  a  Mach  number  of  0.4,  there  was  no  apparent  difference  in  cooling 
effectiveness  with  changes  in  diameter. 

In  general,  the  larger  the  impingement  hole  diameter,  the  higher  the  cooling 
effectiveness.  This  result  contradicts  the  previously  correlated  data  of 
Kercherl  and  Tabakoff  and  Clevenger-* .  The  reason  for  the  discrepancy  is 
probably  that  their  cross  flow  velocities  were  small  since  they  were  associated 
with  relatively  few,  four  or  less,  rows  of  impingement  holes  (see  the  Impinge¬ 
ment  Baffle  Pressur  e  Differential  section) .  The  impingement-film  tests  on  the 
other  hand  were  conducted  on  geometry  characterized  by  a  large  number  of 
rows  of  holes.  There  were  33  rows  of  0.031-in.  holes,  20  rows  of  0.052-in. 
holes  and  15  rows  of  0.070-in.  holes  at  Xn/D  =  4.  These  tests,  and  also  the 
correlation  expressed  by  Equation  (1)  ,  indicate  that  the  rate  of  change  of 
heat  flow  with  impingement  hole  diameter  is  negative  at  small  cross-flow 
velocities  and  increases  steadily  passing  through  zero  and  then  becoming 
positive  as  cross-flow  velocities  increase. 


Mg  =  .4  S  =  .10  IN. 


O  0  =  .070  IN.  Xn/D  =  4  Zn/D  =  4 

□  -  0  =  .052  IN. 

A  D  =  031  IN. 


Figure  70.  Effect  of  Impingement  Hole  Diameter  on  Cooling 
Effectiveness  at  Mg  =  .4,  Xn/D  =  4. 
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D  .070  IN. 
0  052  IN. 

■0  031  IN. 


M(j=.4  S=.10IN. 

X„/D  =  8  Z„/D  -  4 


Figure  71 .  Effect  of  Impingement  Hole  Diam-  ter  on  Cooling  Effec¬ 
tiveness  at  Mg  =  .4,  Xn/D  = 


O  -  D  =  .070  IN. 
□  -  0  =  .05?  IN. 
A  -  D  =  .031  IN. 


Mg  =  .4  S  =  .10  IN. 
Xn/D  =  12  Zn/D  =  4 


Figure  72.  Effect  of  Impingement  Hole  Diameter  on  Cooling  Effec¬ 
tiveness  at  Mg  =  .4,  Xn/D  =  12. 
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O  -  D  =  .070  IN.  Mg  =.3  S  =  .10  IN. 

□  ■  0  =  .052  IN.  Xn/D  =  4  Z„/D  =  4 

A- D  =031  IN.  " 


Figure  73. 


Effect  of  Impingement  Hole  Diameter  on  Cooling  Effec¬ 
tiveness  at  Mg  =  .3,  Xn/D  =  4. 


O  D  =  .070  IN. 
□  D  =  .052  IN. 
AD  =031  IN. 


Mg=.3  S  =  .10  IN. 

Xn/D  =  8  Zn/D  -  4 


Figure  74.  Effect  of  Impingement  Hole  Diameter  on  Cooling 
Effectiveness  at  Mg  =  .3,  X^D  =  8. 
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0  -0  =  .070  IN. 
□  •  D  =  .052  IN. 
A-D  =  .031  IN. 


Mg  =  .3  S--.10IN. 

Xn/D  =  12  Zn/U  =  4 


Figure  75 .  Effect  of  Impingement  Hole  Diameter  on  Cooling 

Effectiveness  at  M  =  .3,  ^/D  ~  12  . 
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O  D  =  -070  IN. 
□  •0  =  .052  IN. 
A  0=  031  IN. 


My  =  .2  S  =  .10  IN. 
Xn/D  =  4  Zn/D  =  4 


Figure  76.  Effect  of  Impingement  Hole  Diameter  on  CooL'ng 
Effectiveness  of  =  .2,  X^/D  =  4  . 
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O  -  D  =  070  IN. 
□  -  D  =  .052  IN. 
A-D  =  .031  IN. 


Mg  =  .2  S  =  .10  IN. 
Xn/D  =  8  Zn/D  =  4 


Figure  77.  Effect  of  Impingement  Hole  Diameter  on  Cooling 

Effectiveness  at  M..  =  .2,  X  /D  =  8  . 

&  n 


O  -  D  =  070  IN. 

S-  D  =  .052  IN. 
-  D  =  .031  IN. 


Mg  =.2 
Xn/D  =  12 


S  =  .10 
Zn/D  =  4 


.05  .10  .15  .20 

Wc/As 

Figure  78.  Effect  of  Impingement  Hole  Diameter  on  Cooling 
Effectiveness  at  Mg  =  .  2,  X^/D  =12. 
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o  D  =  .070  IN. 
□  ■  D  =  .052  IN. 
A-D  =  .031  IN. 


Mg  =  .1  S  =  .1 0  IN. 
Xn/D  =  4  Zn/0  4 


Effect  of  Impingement  Hole  Diameter  on  Cooling 

Effectiveness  at  M  =  .  1,  X  /D  =  4. 

g  ’  n 

O-D  =  .070IN.  ms  =  -1  s  =  .ioin. 

□  -  D  =  .052  IN.  Xn/D  =  8  Zn/D  =  4 

A-D  =  .031  IN. 


Wc/As 

I .  Effect  of  Impingement  Hole  Diameter  on  Cooling 
Effectiveness  at  Mg  =  .  1,  Xn/D  =  8  . 
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O  •  D  =  .070  IN. 
□  •  D  =  .052  IN. 
A  -  D  =  .031  IN. 


Mg  =  .1  S  =  .10  IN. 
X„/D  =  12  Zn/D  =  4 


Figure  81 .  Effect  of  Impingement  Hole  Diameter  on  Cooling  Effec¬ 
tiveness  at  Mg  =  .1,  X^D  =  12. 


EFFECT  OF  IMPINGEMENT  PLATE  DISTANCE  (Z„/D)  ON  COOLING 
EFFECTIVENESS 


Figures  82  through  89  show  the  effects  of  impingement  distance  (Zn/D)  for  two 
hole  diameters  (0.070  in. ,  0.052  in.)  and  one  hole  spacing  (Xn/D  =  8)  for 
various  Mach  numbers.  The  following  paragraphs  summarize  the  results: 

1 .  For  both  hole  diameters ,  the  highest  cooling  effectiveness  was 
achieved  with  an  impingement  distance  (Zn/D)  of  four  diameters. 
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2 .  For  both  hole  diameters ,  the  impingement  distance  of  2  diameters 
yielded  higher  effectiveness  than  the  impingement  distance  of  6 
diameters. 

Two  probable  reasons  for  the  higher  cooling  effectiveness  at  the 
impingement  distance  of  4  diameters  are: 

a.  Increased  cross-flow  velocity  degrades  the  impingement  effective¬ 
ness  at  Zn/D  =  2 . 

b.  Jet  velocity  decay  probably  causes  a  similar  effect  at  Zn/D  =  6. 

EFFECT  OF  IMPINGEMENT  SPACING  (Xn/D)  ON  THE  AVERAGE 
IMPINGEMENT  HEAT  TRANSFER  COEFFICIENT 


Figuies  90  through  92  show  the  average  impingement  heat  transfer  coefficients 
(h)  plotted  as  a  function  of  flow  per  unit  panel  surface  area.  In  each  figure, 
the  results  are  presented  with  impingement  spacing  (Xn/D)  as  the  parameter, 
holding  hole  diameter  and  impingement  spacing  (Zn/D)  constant.  The  figures 
confirm  that  the  impingement  spacing  of  12  diameters  yields  the  highest  heat 
transfer  characteristics.  The  average  impingement  heat  transfer  coefficients  (h) 
obtained  at  impingement  spacings  of  8  and  12  diameters  are  significantly  better 
than  those  obtained  at  4  diameters.  Figure  92  shows  that  for  an  impingement 
spacing  of  8  and  a  hole  diameter  of  0.031  in. ,  the  data  appears  questionable 
due  to  its  scatter  and  abnormal  characteristics  relative  to  the  results  of  the 
other  2  diameters.  Closer  examination  of  the  results  (tests  292  through  316) 
indicated  a  clear  dependence  of  heat  transfer  coefficient  on  duct  inlet  Mach 
number  which  should  not  exist.  Therefore,  this  set  of  data  was  disregarded  in 
summarizing  the  above  results. 

Figures  90  to  92  also  show  scatter.  This  scatter  occurs  at  low  duct  inlet  Mach 
numbers  (Mg  =  0.2  and  0.1),  and  the  possible  cause  may  be  the  low  heat  pickup 
in  the  air  which  results  in  small  differences  in  the  cooling  air  temperature  used 
in  calculating  the  average  impingement  heat  transfer  coefficient  (i.e. ,  tempera¬ 
ture  measurement  tolerances).  Also,  as  the  convective  heat  transfer  decreases, 
conduction  effects  become  more  pronounced . 
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Figure  83.  Effect  of  Impingement  Distance  on  Cooling  Effec¬ 
tiveness  for  D  =  .052  In.  at  Mg  =  .4. 
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Figure  85. 


Effect  of  Impingement  Distance  on  Cooling  Effec 
tiveness  for  D  =  .052  In.  at  =  .3. 


Figure  86.  Effect  of  Impingement  Distance  on  Cooling  Effec¬ 
tiveness  for  D  =  .070  In.  at  Mg.  =  .2. 


Figure  87.  Effect  of  Impingement  Distance  on  Cooling  Effec¬ 
tiveness  for  D  =  .052  In.  at  Mg  =  .2. 
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Mg  =  .10  S  =  .10  IN. 


Figure  88.  Effect  of  Impingement  Distance  on  Cooling  Effec¬ 
tiveness  for  D  =  .070  In.  at  Mg  =  .  1 . 


Mg  =  .1  S  =  .10  IN. 
Xn/D  =  8  0  =  .052  IN. 


Figure  89.  Effect  of  Impingement  Distance  on  Cooling  Effec¬ 
tiveness  for  D  =  .052  In.  at  Mg  =  .1. 
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Figure  90.  Effect  of  Impingement  Spacing  on  Average  Impingement 
Heat  Transfer  Coefficient  for  D  =  .070  In. 
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Figure  91 .  Effect  of  Impingement  Spacing  on  Average  Impingement 
Heat  Transfer  Coefficient  for  D  =  .052  In. 
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EFFECT  OF  IMPINGEMENT  DISTANCE  (Zn/D>  ON  THE  AVFRAGE  IMPINGEMENT 
HEAT  TRANSFER  COEFFICIENT  ’  . . . 

Figures  93  and  94  present  additional  average  impingement  heat  transfer  coeffi¬ 
cients  which  show  the  effects  of  impingement  distance  for  fixed  impingement 
hole  spacing  (Xn/D)  =  8  and  hole  diameter.  The  highest  heat  transfer  coeffi¬ 
cients  occur  at  an  impingement  distance  of  4  diameters,  while  the  values 
obtained  at  an  impingement  distance  of  2  diameters  are  higher  than  those  at  6 
diameters.  These  results  are  similar  to  those  noted  in  the  cooling  effectiveness 
data. 

IMPINGEMENT  BAFFLE  PRESSURE  DIFFERENTIAL 


During  the  impingement-film  portion  of  the  test  program,  the  pressure  differ¬ 
ential  from  cooling  air  inlet  pressure  to  metering  hole  inlet  pressure  was 
measured.  This  pressure  differential  across  the  impingement  baffle  is  shown 
in  Figures  95,  96  and  97,  as  a  function  of  cooling  flow  per  unit  of  cooled  panel 
surface  area.  Figure  95  includes  all  the  data  for  0.031-in.  impingement  holes. 
The  data  was  taken  at  Mg  =  0.1,  0.2,  0.  3,  0.4;  Xn/D  =  4,  8,  12;  and  Zn/ D  = 

4.  Figures  96  and  97  include  test  results  obtained  at  the  same  conditions  but 
with  impingement  hole  diameters  =  0.  052  in.  and  0.070  in.  respectively.  Figures 
96  and  97  also  include  results  for  Zn/D  =  2  and  6. 

As  was  the  case  with  the  slot  pressure  differentials  shown  on  Figures  58,  59, 

60  and  61,  the  cooling  flow  was  practically  proportional  to  the  square  root  of 
the  impingement  baffle  pressure  differential.  Therefore,  a  dimensionless  flow 
function  for  the  impingement  baffle  could  be  defined 

Wc 

CFI  =  - ..  -  (8) 

AD  y2pg  (DP8) 

The  flow  coefficients  appearing  in  Figure  98  were  calculated  from  Equation  8 
at  specific  test  points  located  centrally  in  the  data  scatter.  They  may  also  be 
calculated  directly  from  Figures  95,  96  and  97  by  using  As  =  41.26  in.2; 

AD=  1.183,  0.292,  0.1259  at  X/D  =4,  8,  12  in  Figure  95;  AD=  1.380,  0.357, 
0.162  at  X/D  =  4,  8,  12  in  Figure  96;  AD  =  1.500,  0.411,  0. 181  at  X/D  -  4,  8,  12 
in  Figure  97;  and  standard  sea  level  air  density  pQ.  On  this  basis 

As  r  -i 

r  _  _  v  (Wc/As)  read  from  the 

FI  Ad/2  g  pQ  x  12  ^Figure  at  AP  =  1  psi 
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When  the  flow  coefficient  was  computed,  it  appeared  to  depend  on  the  cross-flow 
velocity  ratio.  Therefore,  an  overall  cross-flow  velocity  ratio  was  defined  as 
the  total  cooling  flow  per  unit  area  of  channel  between  impingement  baffle  and 
cooled  panel,  divided  by  the  total  cooling  flow  per  unit  of  impingement  hole 
area.  This  ratio,  determined  by  the  ratio  of  total  impingement  hole  area  to 
channel  area  for  a  single  column  of  impingement  holes,  is 


N 


J  02 


Hn 


(Xn)  (Zn) 


GW) 


(9) 


when  Nr  is  the  number  of  rows  of  holes  running  across  the  main  stream. 


The  flow  function  Cpj  is  shown  as  a  function  of  A^/A^  on  Figure  98.  The 
figure  shows  that  the  combination  of  small  holes,  which  leads  to  large  Nr, 
and  small  Xjj/D  results  in  relatively  large  cross-flow  velocities  .  They  cause 
small  flow  functions  because  of  the  relatively  large  impingement  baffle  pressure 
differentials.  The  relatively  large  cross-flow  velocities  found  under  these 
conditions  are  also  the  probable  reason  that  the  heat  flow  from  the  cooled  panel 
was  less  than  that  found  at  larger  Xn/D  and  impingement  hole  diameter.  This 
indicates  that  the  cross-flow  velocities  which  are  large  enough  to  reduce  the 
impingement  baffle  flow  coefficient  tend  to  break  up  the  individual  jets  formed 
by  the  baffle  in  such  a  way  that  the  local  Reynolds  numbers  on  the  cooled 
panel  due  to  the  jets  are  reduced  and  with  them  the  heat  flow  from  the  panel 
is  reduced. 
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Figure  93.  Effect  of  Impingement  Distance  on  Average  Impingement 
Heat  Transfer  Coefficient  for  D  =  .  070  In . 
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Figure  95.  Cooling  Air  Pressure  Impingement  Baffle  Pressure  Drop  -  0.031-In.  Impingement  Holes. 
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Figure  96.  Cooling  Air  Pressure  Impingement  Pressure  Drop  -  0.052-In.  Impingement  Holes. 


CONCLUSIONS 


Impingement-film  cooling  is  significantly  better  than  single-film  and  over- 
lapped-film  cooling  within  a  pressure  limitation  requirement  of  100  in.  of  water. 

The  heat  transfer  characteristic  behavior  obtained  by  varying  the  impingement 
hole  spacing  (Xn/D)  is  in  agreement  with  previous  experimental  studies  (j.e. , 

the  larger  the  hole  spacing,  the  higher  the  cooling  effectiveness). 

The  heat  transfer  characteristic  behavior  obtained  for  the  effects  of  impingement 
hole  diameter,  with  total  hole  area  constant,  was  the  reverse  of  that  expected.  At 
the  smaller  spacings  (Xn/D)  tested,  cooling  effectiveness  improved  with  in¬ 
creased  hole  diameter,  and  at  the  largest  impingement  hole  spacing  tested 
(Xn/D)  =  12),  the  effect  of  hole  diameter  disappeared. 

The  optimum  impingement  distance  (Zn/D)  for  the  array  tested  occurred  between 
3.5  and  4.0  diameters. 

The  single-film  cooling  effectiveness  data  was  in  good  agreement  with  the  data 
which  Huffmeier  obtained  with  a  similar  geometry. 

At  the  higher  Mach  numbers  and  for  panels  of  the  length  tested,  the  upstream 
panel  film  is  practically  destroyed  at  the  beginning  of  the  downstream  test  panel . 

In  designing  a  low-pressure  impingement-film  cooling  system,  the  impingement 
hole  spacing  should  be  tailored  to  correspond  to  the  available  total  cooling  pres¬ 
sure.  For  a  system  requiring  a  pressure  difference  limit  of  100  in.  of  water,  an 
impingement  spacing  (Xn/D)  of  8  diameters  would  produce  a  good  design. 

In  design  calculations  for  systems  with  multiple-film  cooled  panels  of  the  length 
tested  or  longer,  the  effect  of  the  upstream  film  on  the  downstream  panels  should 
be  neglected. 

For  systems  similar  to  the  one  tested,  with  impingement  spacing  (Xn/D)  between 
8  and  12  diameters,  the  selection  of  hole  diamoter  may  not  be  a  critical  param¬ 
eter  for  cooling  performance.  Its  choice  should  depend  on  other  considerations, 
such  as  cost,  manufacturing  ease, and  sensitivity  to  plugging. 
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APPENDIX 


TEST  CONFIGURATION  DESCRIPTION  TABLES 


TABLE  II.  TEST  CONFIGURATION  DESCRIPTION  AND 

TEST  POINTS  KEY 

Impingement 

Baffles 

Inlet  Panel 
Cooling  Air 

Test 

Run  Nos. 

Config. 

No. 

Slot  Hole 

Ht  (in . )  Dia  (in 

•  )  VD 

Xn/D 

Match 

None 

First 

Last 

1 

.  100 

None 

X 

1 

29 

2 

.  145 

None 

X 

30 

55 

3 

.  100  .070 

4 

4 

X 

56 

80 

4 

8 

X 

81 

107 

5 

12 

X 

108 

133 

6 

.  100  .  052 

4 

4 

X 

134 

158 

7 

8 

X 

159 

184 

8 

12 

X 

185 

210 

9 

.  100  .031 

4 

4 

X 

264 

291 

10 

8 

X 

292 

316 

11 

12 

X 

317 

342 

12 

.  100  .052 

6 

8 

X 

211 

237 

13 

.070 

6 

8 

X 

369 

395 

14 

.  100  .052 

2 

8 

X 

238 

263 

15 

.070 

2 

8 

X 

343 

368 

16 

.  100 

None 

X 

396 

421 

17 

.  145 

None 

X 

422 

446 
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TABLE  III.  MEASURED  IMPINGEMENT  BAFFLE 
HOLE  DIMENSIONS 


Design 

Intent 

Hole  Dia(in. ) 

X„/D 

Actual5'5 

Hole 

Dia  (in . ) 

Number 

of 

Columns 

Number 

of 

Rows 

Actual 
No.  of 
Holes 

.031 

4 

.0291 

56 

33 

1838 

8 

28 

17 

468 

12 

19 

11 

209 

.  052 

4 

.0517 

33 

20 

658 

8 

17 

10 

170 

12 

11 

7 

77 

.  070 

4 

.0717 

25 

15 

373 

8 

13 

8 

102 

12 

9 

5 

45 

*Based  on  a 

5%  sample 

of  the  holes 

on  each  plate  with  X^D  =  4. 

**Each  plate  has  some  missing  holes  due  to  the  standoffs  to  hold  a 
constant  Zn/D. 


TABLE  IV.  MEASURED  TEST  APPARATUS  DIMENSIONS 


Diffuser  Duct 

Inlet 

2.048  x  7.  022 

Exit 

3.018  x  6. 960 

Metering  Holes 

Inlet  Panel 

63  holes  @  D  = 

.  1179 

Test  Panel 

63  holes  @  D  = 

.  1174 

Slots 

Length  (in.) 

Slot  Height  (in . ) 

.  KO  .140 

Inlet  Panel 

7.024 

.085  .  130 

Test  Panel 

7.026 

.100  .145 

NOTE:  All  dimensions  in  inches. 
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11.  abstract 


This  report  covers  the  investigation  of  an  impingement-film  cooling  system  designed  to  cool 
the  exhaust  ducts  of  turboshaft  engines  thereby  reducing  infrared  radiation  levels.  The 
program  was  initiated  with  a  literature  search  which  indicated  the  useful  range  of  impinge¬ 
ment  hole  size,  spacing,  and  distance  from  impingement  hole  to  cooled  panel.  It  provided 
similar  information  for  the  cooling  slot  design.  Test  hardware  incorporating  these  features 
was  fabricated  for  testing.  Seventeen  configurations,  four  of  which  had  no  impingement 
(film  cooling  only),  were  tested.  The  remaining  13  configurations  were  tested  with 
different  combinations  of  impingement  hole  size,  spacing,  and  distance  to  cooled  panel. 

Film  cooling  test  results  were  in  good  agreement  with  the  correlations  and  results  quoted  in 
the  literature.  The  cooling  etfectiveness  with  impingement-film  cooling  was  consistently 
superior  to  that  with  film  cooling  only.  The  highest  effectiveness  was  achieved  with  the 
configuration  having  the  largest  impingement  hole  diameter,  D  =  0.070  in.  and  spacing 
Xn/D  12.  The  optimum  impingement  distance  Zn  was  in  the  neighborhood  of  4  impingement 
hole  diameters.  While  the  largest  hole  spacing  tested  gave  the  highest  cooling  effectiveness 
it  also  required  a  relatively  large  pressure  drop  across  the  cooling  system.  Under  the  most 
difficult  cooling  conditions  of  hot  gas  Mach  number  equal  to  0.4,  the  highest  cooling  effec¬ 
tiveness  ( 77)  achieved  within  a  specified  irrpingement  system  pressure  drop  of  100  in.  of 
water  was  0.93. 
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